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INTRODUCTION 

This  investigation  was  undertaken  as  part  of 
a  continuing  program  to  esublish  the  compatibility 
of  various  structural  materials  with  liquid  sodium. 
Solubility  data  are  required  to  predict  mass  trans¬ 
fer  rates  for  a  specific  heat  transfer  system  and 
also  to  |M>stulate  the  material  trans|)ort  mech¬ 
anism.  In  the  interest  of  more  efficient  electric 
power  generating  systems  using  a  liquid  metal 
as  the  working  fluid  and/or  heat  transfer  medium, 
evaluation  and  test  prcKedures  for  candidate 
container  materials  under  simulated  test  condi¬ 
tions  are  required.  A  printe  requisite  of  a  solu¬ 
bility  study  is  the  development  of  a  sensitive 
analytical  scheme  for  the  specific  solute  or  sol¬ 
utes  over  a  wide  concentration  range.  In  addi¬ 
tion  to  the  manifold  objectives  of  the  study  so 
indicated,  modification  of  the  method  employed 
here  can  be  extended  to  the  evaluation  of  similar 
systems,  designed  for  high  temperature  appli¬ 
cations  in  liquid  metal  technology. 

EXPERIMENTAL  APPARATUS 
AND  METHOD 

Apparatua  and  Auxiliary  Syitcm 

The  solubility  apparatus,  2  inches  in  diameter 
and  3-1, '4  inches  long,  is  diagrammed  in  Fig.  I. 
With  the  exception  of  the  molybdenum  sampling 
crucible,  the  entire  appat  alus  was  made  of  the  alloy 
material  under  test.  An  important  design  feature 
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of  the  apparatus  is  the  oflr<enter  sampling  port  in 
the  partitioning  disc  between  the  two  compart¬ 
ments.  Without  this  precaution,  the  liquid  sodium, 
which  is  held  back  in  the  broad  meniscus  formed 
around  the  wail  of  the  equilibration  com|>anmcnt 
due  to  surface  tension  effecu,  has  low  sampling 
yields.  Both  sampling  ports  had  raised  edges  to 
minimize  inclusion  of  particulate  material  in  the 
melt.  Prior  to  welding  in  a  controlled  atmosphere, 
the  various  components  of  the  apparatus  were 
chemically  etched  to  a  bright  metallic  lustre  and 
finally  cleaned  with  organic  solvents. 

The  shell  of  the  pressure  furnace  assembly 
(Fig.  2)  was  fabricated  from  a  S-foot  length  of 
12-inch-diameter  schedule-40  steel  pipe  with 
access  flanges  welded  at  eai:h  end.  An  alundum 
furnace  core  (4  inches  l.D.  and  3  feet  long),  wound 
with  three  molybdenum  wire  healers,  was  sus¬ 
pended  in  a  304  stainless  steel  Jig  inside  the  pres¬ 
sure  shell.  Zirconia  bubble  insulation  was  used 
to  fill  the  void  space  outside  the  alundum  core. 

Proctedim 

Approximately  20  to  25  grams  of  sodium  were 
vacuum  distilled  from  u  nickel  still  into  a  pyrex 
glass  receiver.  1'he  stKiium  was  melted  and  fil¬ 
tered  by  diflerentiai  argon  pressures  through  a 
fine  porfisity  pyrex  glass  frit  at  about  llO*C  into 
the  solubility  apparatus.  The  apparatus  was 
scaled  at  the  glass  portion  under  an  atmosphere 
of  purified  argon  and  removed  from  the  distilla¬ 
tion  unit  to  an  inert  atmosphere  welding  box. 
I'he  sodium  transfer  tube  of  the  apparatus  was 
then  ciinipcd  did  removed  by  fusion  welding. 

Titanium  foil  cladding  was  applied  to  all 
container  surfaces  expo.sed  to  the  elevated 
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impurities  in  the  argon  aunosphere  of  the  pres¬ 
sure  Furnace.  The  apparatus  was  positioned  in 
the  furnace  cttfe  and  the  cniif'e  systeSt  and 
evacuated.  Argon,  purified  hy  passage  through 
a  molecular  sieve  and  a  heated  titanium  spmge 
column,  was  used  in  pressuri/e  the  system. 

The  teniitcialiiie  ol  the  sodium  was  ohseivetl 
and  controlled  hy  a  |>laiinum/plaiimim-20'^ 
ihodium  ihermiMouple  in  a  plaiinum-Un'/i  ih<)- 
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equal  the  estimated  internal  pressure  ol  the 
solubility  apparatus  as  a  precauiion  against  de¬ 
formation  or  rupture.  Mechanical  stirring  of  the 
liquid  sodium  at  infrequent  ititei  vals  during  the 
tenqierature  equilibrium  |Kiri<Kl  was  accomplished 
by  oscillatitig  the  solubility  apparatus  through 
its  axial  linkage  extending  outside  the  furnace 
system.  The  axial  rod  protruding  thnuigh  a  pres¬ 
sure  ly|)e  packing  gland  welded  into  one  of  the 
access  flanges  of  the  shell  was  also  used  to  obtain 
a  sample  of  the  melt  by  180-dcgree  rotation  ttf 
the  solubility  apparatus  at  the  expiration  of  the 
lemiterature  equilibrium  period.  Equilibrium 
was  maintained  for  an  additional  15  minutes 
after  the  inversion  of  the  apparatus,  to  allow 
sufficient  time  for  the  sodium  to  drain  into  the 
molybdenum  crucible,  The  furnace  was  allowed 
to  t{*ol  to  nM>m  temperature,  the  apparatus  re¬ 
moved,  and  o|K‘ned  at  the  bottom  of  the  molyb¬ 
denum  crucible  chamber.  The  sampling  crucible 
was  removed  and  the  sodium  analyzed  for  colum- 
bium  and  zirconium. 

Due  to  the  apparent  unaltered  malleability 
of  the  (]b-l%  Zr  alloy  after  firing,  the  apparatus 
was  readily  o|H*ned  with  pijie  cutters  as  a  precau¬ 
tion  against  contamination  oi  the  melt  hy  minute 
filings  produied  by  other  abrasive  cutting  pro¬ 
cedures.  Since  the  mechannal  properties  of  the 
alloy  were  apparently  unchanged  by  filing,  three 
solubility  apparatuses  made  of  the  same  mate¬ 
rial  were  rewelded  and  successtully  reused  in 
subsequent  experiments. 

Analytical  Procedure 

Eiach  sodium  sample  was  reacted,  diluted  to 
volume,  and  an  aliquot  titrated  to  determine  the 
sample  .size.  Ihe  columbium  and  zirconium  sol¬ 
utes  were  separated  from  the  resultant  aqueous 
s«>luiion  nonisotropically  using  standard  iron 


rarrier  (1(1  mgi.  I'he  ferric  hydroxide  scavenging 
efficiency  for  both  ccilutnbiiirn  ami  zircoitium  was 
established  i^uantiiatlvely  in  preliminary  tests 
oh  symfiesfzect  aquwis  st^um  solutibnrspijtc« 
with  trace  quantities  of  radioactive  Cb*®  and 

lissitui  product  mixture*;  The  iron  hydroxide 
was  filtered  and  ignited  to  FcjOa,  in  which  liirin 
the  samples  were  irradiated  in  the  NRI  realtor 
aiul  analyzed  for  colunibiiim  and  /iuoiiium 

activity  ies|jectivclv,  'I'he  thermal  neutron  rea<- 
(lons  ol  inlercsl  weic  the  lollowiiig: 

nt;b**  +  on’  ^  ot-bM"  +  y 

half-life  6.6  minutes  (1) 

loZr**  +  on’  -»  4oZr”  -I-  y 

half-life  17  hours  (2) 

sflZr*^  +  oil'  —*  4oZr*®  +  y 

half-life  65  days  (.I) 

Due  to  fxith  the  mode  of  decay  of  f'-b**" ,  prin¬ 
cipally  (99%)  by  emission  of  a  weak  x-ray,  and 
the  nondestructive  radiometric  procedure  used, 
uniformly  thin  samples  of  FciCb  (0.26  mg/cm*) 
were  required  to  minimize  absorption  losses  in 
counting  the  x-rays.  This  was  accomplished  by 
the  demountable  centrifuge  tube  shown  in  Fig.  3. 
The  cylindrical  part  was  made  of  a  3-1/2-inch 
length  of  seamless  stainless  steel  tubing  <  I -inch 
O.D.,  3/32-inch  wall),  the  inside  of  which  was 
highly  jiolished.  A  methyl  alcohol  slurry  of  finely 
divided  one  milligram  amounts  of  FetOj  was 
quantitatively  transferred  to  the  cell  and  e  uni¬ 
form  deposit  centrifuged  onto  the  filter  paper 
substrate.  The  methyl  alcohol  was  carefully  re¬ 
moved  by  siphoning  with  a  micropipette  and 
syringe.  Ihc  deposit  was  partially  dried  to  a 
paste  like  consistency  and  the  cell  dismantled 
to  remove  the  mount  intact.  The  mount  was  com¬ 
pletely  dried  under  an  infrared  lamp  and  per¬ 
manently  cemented  down  with  colhidion  prior 
to  irradiation.  Unknown  samples  and  columbium 
standards,  identkally  prepared,  were  simul¬ 
taneously  irradiaurd  in  the  reactor  tor  15  nqnutes. 
This  is  sufticient  time  for  75%  of  saturation  activity 
of  t'b**"  n*  be  achieved.  The  irradiated  FegOa 
deposits  were  nondestrut  lively  analyzed  for 
atlivity  by  the  technique  of  integral  decay 
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the  average  vKhtim  sample  anah/ed  (la  gtariisi. 
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tile  lim  iimit  oi  tieteciabilily  of  rolutnbitiit)  in 
tills  study  was  about  O.I  ppm  by  weight. 

■  Tlic  remsundi^  tiT  thcli^  scaveri^  as  FcjOj 
0  mg  Ft*)  from  a  typicai  solubility  experiment, 
along  with  a  prepared  zirmnium  standanl,  was 
inadiatetl  (oi  one  hour  in  the  NRL  reattoi  anti 
rarliiM  ht'inirallv  anab/ed  for  /iirotiiiiin  attivity 
I  he  irradiated  samples  Were  ehetiiit  ally  dissohei, 
ami  the  /irconiiini  aciivitv  separatetl  isoiopii ,illv 
iioiM  llir  cMiaMcniis  aitivil\  In  pi ci  i|iil,iliiiii 
null  iM.imlcIli  .Kill  ill  \lli'i  ii^oHxis  |iiimIii.i 
tion  ot  the  separated  zireotiiuin  samples  by  radio- 
I’heniital  protediites,  llie  samples  were  eotmted 
in  the  torni  of  ZrO^,  by  a  lliin-window  gas-llow 
beta  counter.  Counting  was  .siaitetl  after  stifli- 
eient  time  (  —  9  hours)  had  elapsed  fbi  the  Ch“’ 
daughter  activity  of  Zr*’  to  reach  equilibrium. 
Art  aiuininuni  filter  (1 12  mg  cm"*)  was  interposed 
between  the  sample  and  counter  to  elimitiate 
the  beta  activity  of  the  65-day  half-life  Zr**  i.sotopc. 
'I'his  precautiun  was  taken  mainly  because  the 
principal  zirconium  activity  induced  by  thermal 
neution  iriadiation  is  the  17-hour  half-life 
Zr”  isotope,  and  al.so  the  half-life  critetiou  was 
used  to  charactei  i/e  the  radioactivity.  Tbe  activi¬ 
ties,  of  the  purified  zirconium  samples,  were 
followed  for  at  least  120  hours  after  irradiation 
and  are  shown  in  Fig.  6  to  decay  typically  with  a 
17-hour  haif-life. 

The  limit  of  measurement  by  this  metluKl 
was  estimated  as  1  micrograrn  of  zireotiiuin.  In 
view  of  the  average  .sodium  sample  size  (15  grams) 
analyzed,  the  low  limit  of  detectability  was  0.06 
ppm  by  weight  of  zirconium.  A  blank  determina¬ 
tion  on  the  iron  scavenger  for  zirconium  was 
negative. 

RESULTS  AND  DISCUSSION 

The  results  of  the  solubility  experiments  are 
compiled  in  Table  I.  The  data  indicate  equilih- 
riiim  conditions  to  be  established  within  approxi¬ 
mately  eight  hours. 

Semilog  plots  of  the  concentrations  of  colum- 
bium  anti  zirconium  versus  the  reciprcwal  of  the 
absolute  temperature  for  the  eight  hour  equilib¬ 
rium  temperature  experiments  are  shown  in 
Fig.  7.  The  solubility  values  of  both  constituents, 
as  determined  in  the  low  temperature  experi¬ 
ment,  appear  to  be  a  factor  of  approximately 
10  too  high  to  be  consistent  with  the  higher  tem¬ 
perature  values.  The  source  of  this  irregularity 
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is  indeterminable  frotii  a  number  of  ,siand|K»int.s. 
Mechanical  as  well  as  chemical  phenomena  may 
contribute  to  this  anomaly.  Fine  particulate  en- 
trainnu'nt  in  the  sampling  or  apparatus  opening 
prtjcedurc  and/or  chemical  interaction  of  im¬ 
purities  originating  from  either  the  liquid  .so¬ 
dium  and  the  alloy  metal  or  both  are  {xrssible 
explanations. 

The  magnitude  and  effect  of  oxide  and  hy¬ 
droxide  impurities  in  the  liquid  sodium  on 
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solubility  were  mil  established  in  this  study,  in- 
ade(|uate  pretautions  were  taken  to  remove 
srwtiiim  samnles  for  anaivsis  wilhoul  additioiial 
contamination  from  the  solubility  apparatus  ai 
the  end  of  a  run.  Double  oxide  salt  formation  (2) 
between  sodium  monoxide  and  various  metal 
oxides  and  its  subsc(]uent  solubility  in  the  bulk 
sodium  liquid  has  been  postulated  as  a  solubility 
mechanism  in  such  systems  in  the  past.  Recent 
studies  (3,4)  investigating  the  effect  of  oxide  and 
hydroxide  impurities  in  liquid  sodium  on  the 
solubility  of  container  materials,  have  revealed 
orders  of  magnitude  im  reuses  in  solubility  meas¬ 
urements  with  increasing  imjnirilv  levels.  In 
consideration  of  the  low  concentration  ranges 
obtersed  and  the  unknown  impurity  level  of  the 
liquid  sodium  system,  the  increa^  soluixlity 
effect  evidencfxl  at  80S*C  is  not  unrei-ronable. 


The  apparent  increase  in  solubility  of  both 
constituents  to  approximately  the  same  extent, 
in  the  perspective  of  the  aforementkined  factors, 
appears  to  be  genuinely  significant  and  mite- 
worthy. 
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The  cquUibriuffl  loluliilRy  oT  the  refraclarr  aUoy  <Cb-l%Zr) 
in  Hi|uid  udiura  in  the  lemperalurc  raitfc  of  600*  to  ISaO*C  was 
ileie^neti  under  «lalk,  botheriMl  condkkMM.  The  lUndard 
coaiparalor  method  of  activation  analytit  wm  uacd  to  determine 
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and  O.OB  to  4  ppm  by  weight  for  cohimbium  and  tirconium.  re- 
apcctiveiy. 
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